Abstract. AC magnetic heating of superparamagnetic Co and Fe nanoparticles for application in hyperthermia was measured to find a size of nanoparticles that would result in an optimal heating for given amplitude and frequency of ac externally applied magnetic field. To measure it, a custommade power supply connected to a 20-turn insulated copper coil in the shape of a spiral solenoid cooled with water was used. A fiber-optic temperature sensor has been used to measure the temperature with an accuracy of 0.0001 K. The magnetic field with magnitude of 20.6 µT and a frequency of oscillation equal to 348 kHz was generated inside the coil to heat magnetic nanoparticles. The maximum specific power loss or the highest heating rate for Co magnetic nanoparticles was achieved for nanoparticles of 8.2 nm in diameter. The maximum heating rate for coated Fe was found for nanoparticles with diameter of 18.61 nm.
Introduction
The motivation for this work is to find a size of Co and Fe nanoparticles that would result in an optimal heating. If in the next steps toxicity of those particles is successfully rendered they will be great candidates for application in magnetic hyperthermia. Magnetic hyperthermia is a tumor treatment possibility that has a potential to kill tumor cells or to make them more susceptible to radiation therapy or chemotherapy [1] . Magnetic hyperthermia involves injecting a fluid containing fine nanoparticles directly into the tumorous tissue. Magnetic nanoparticles have the possibility of a self-limitation of the temperature enhancement by using a magnetic material with a suitable Curie temperature T c . The nanoparticles generate heat according to Neel relaxation and Brownian rotation losses when exposed to an ac magnetic field. The heating effect strongly depends on the size, shape, and magnetic permeability of the nanoparticles and on the frequency and amplitude of the applied alternating magnetic field [1] . For superparamagnetic nanoparticles it also depends on temperature of the surroundings. The fluid with nanoparticles must have a neutral pH value and physiological salinity. The particles should be evenly dispersed throughout the fluid, and small enough to avoid precipitation or agglomeration [2] . In addition, the magnetic material should be biocompatible. To achieve the therapeutic effect a minimal temperature of 42-45 o C is required in the whole tumor area. This temperature range determines the upper limit of the degree of the spatial nonhomogeneous temperature distribution as ∆T = 3 o C. Therefore, the temperatures taken in the tumor center and close to its edge should differ by less than ∆T for any time of the hyperthermia treatment [1] . Nanoparticles to be used for hypethermia have to be functionalized. Such nanoparticles are called nanovectors. They consist of a magnetic core nanoparticle, if toxic they have to be covered with a biocompatible layer, and then lastly coated with targeting molecules or moieties that will specifically bind to receptors on tumor cells or with polyethylene glycol molecules to prevent the nanovector from being taken up by macrophages, which form a line of defense in the body's innate immune system [3] . A small (~10 nm) magnetic nanoparticle fitted with targeting moieties is programmed to find a diseased cell and when in place, attach to the membrane or pass through it, and heat up by an ac oscillating magnetic field applied from outside the body. Mostly iron oxide nanoparticles have been used but heating rates are dramatically improved if pure iron or cobalt nanoparticles are used [3] .
Magnetism of Nano-sized Materials
Bulk magnetic materials consist of uniformly magnetized domains separated by domain walls. The formation of the domain walls is a process driven by the balance between the magnetostatic energy (E MS ), which increases proportionally to the volume of the materials, and the domain-wall energy (E DW ) proportional to the interfacial area between domains [4] . The resultant magnetization of the magnetic materials as a function of the externally applied magnetic field below Curie temperature is characterized by the most important material constant called the coercivity H c among others. The coercivity specifies the strength of magnetic field required for the overall magnetization to be zero after an initial magnetization process. The magnetic properties of nanostructured materials (nanoparticles) are usually governed by their shape, size, and material parameters. The domain structure changes from a multi-domain to a single-domain structure due to a competition between magnetostatic energy and domain-wall energy as the nanoparticle's size decreases. In the same time, the coercivity increases monotonically with a decreasing diameter D of nanoparticles. If the nanoparticle size is reduced, there is a critical volume below which it takes more energy to create a domain-wall than to support the external magnetostatic energy of the single uniformly magnetized domain [4] . The critical diameter D c of the single-domain nanoparticle typically lies in the range of a few tens of nanometers, and is obtained when E MS = E DW . The critical (singledomain) size D c of a nanoparticle or the size for which a multi-domain configuration is no longer stable, can be expressed as a function of the magnetic parameters of the nanoparticle in the case of a strong anisotropy by the following equation:
where K u is the volumetric or bulk anisotropy of the nanoparticle, J is the exchange interaction constant, a denotes the lattice constant, S is the spin, µ 0 is the permeability of the free space (1.26·10 6 J A -2 m -1 ) and M S is the saturation magnetization. The values of D c for some important magnetic materials are shown in Table I [4] [5] [6] [7] . 
Heat Transfer Processes in Engineering Materials
In the case of the magnetic materials characterized by weak anisotropy, the critical dimension of nanoparticle D c has the following form:
Single-domain nanoparticles are uniformly magnetized with all the spins aligned in the same direction. The magnetization process takes place by a spin rotation only. As a result of it, the maximum coercivity is found for a system of small non-interacting nanoparticles in the vicinity of the critical diameter D c . It has been observed also that a departure from sphericity for single-domain nanoparticles, considered before as far as critical dimensions described by Eq. (1) and (2) are concerned, has an influence on the coercivity H c and on critical diameter values [4] (see Table II ). There have been also observed a pseudo single-domain (PSD) nanoparticles which exhibit at the vicinity of critical dimension D c a mixture of single-domain (SD) and multi-domain (MD) behavior showing a region of large and small coercivity values, respectively [8] . However, there are only two major finite-size effects in magnetic nanoparticles discussed up to now in the literature. One of them is already mentioned, namely, the critical single-domain diameter D c characterized by a maximum coercivity (see Fig.1 ). When the diameter of a magnetic nanoparticle drops further down from D c , the coercivity starts to drop gradually from a maximum value to zero. This zero value for H c appears as a second major finite-size effect and it is called superparamagnetic (SPM) behavior (see Fig.1 ). The begining of this behavior is observed at D = D SPM and it is marked by a strong competition between thermal fluctuations of magnetization k B T and the uniaxial magnetocrystalline anisotropy energy K u V (V is the volume of nanoparticle).
The higher is the anisotropy the higher the D c to D SPM ratio. 
H c
Diameter D
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The possible orientation states that could be adopted by the magnetization in a material are separated through an energy barrier imposed by the anisotropy energy. This energy tends to keep the magnetization in a particular crystallographic direction, called the easy direction or easy axis. Easy direction dictates where the magnetization will be spontaneously pointing at in the absence of an external field, and is mainly determined by the anisotropy constant K u intrinsic to the material. The magnetic anisotropy energy E(θ), responsible for holding the magnetic moments along a certain direction, per well-isolated single-domain nanoparticle can be expressed as:
where V is the nanoparticle's volume, K u is the uniaxial anisotropy constant and θ is the angle between the magnetization and the easy axis [4] . The energy barrier K u V separates the two energetically equivalent easy directions of magnetization, at θ = 0 and θ = π corresponding to the magnetization parallel or antiparallel to the easy axis [4] . With decreasing particle size, the thermal energy, k B T, exceeds the energy barrier K u V and the magnetization is easily reversed from one easy direction to the other. For k B T > K u V, the system behaves like a paramagnet, instead of atomic magnetic moments, there is now a giant moment inside each nanoparticle. Such a system has no hysteresis and is named to be a superparamagnetic system. The direction of the magnetization fluctuates with a frequency f or a characteristic relaxation time, τ -1 = 2πf. The relaxation time of the moment of a nanoparticle, τ, is given by the Neel-Brown expression:
where k B is the Boltzmann constant, and τ 0 is the inverse attempt frequency (attempt time) that depends on temperature, saturation magnetization or applied field, and for simplicity it is often assumed to be constant with a value within the range 10 -9 -10 -13 s [7] . The magnetization in superparamagnetic nanoparticles undergoes continuous thermally driven fluctuations, and each oscillation will take a characteristic time to be completed, known as the relaxation time (τ) [7] . The fluctuations slow down (τ increases) as the sample is cooled to lower temperatures and the system appears static when τ becomes much longer than the experimental measuring time τ m [4] . Table III summarizes some characteristic values of τ m [7] . If the time τ m is shorter than the relaxation time, the magnetization will appear as "blocked", where an "unblocked" magnetization is typical to a nanoparticle in a superparamagnetic regime (see Fig.2 ). Magnetometer 100
The temperature, which separates superparamagnetic and "blocked" regime is the so-called blocking temperature, T B . Below T B the particle moments appear frozen on the time scale of the measurement, τ m . This is the case, when τ m = τ. The blocking temperature depends on the effective anisotropy constant, the size of the particles, the applied magnetic field, and the experimental measuring time [4] :
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For example, the experimental measuring time with a magnetometer gives: T B = (K u V)/30k B . The distribution of particle sizes results in a blocking temperature distribution (see Table IV ). If the blocking temperature is determined using a technique with a shorter time window, such as ferromagnetic resonance which has a τ m =10 -9 s, a larger value of T B is obtained than the value obtained from dc magnetization measurements. Moreover, a factor of two in nanoparticle diameter can change the reversal time from 100 years to 100 nanoseconds. While, in the first case, the assembly of the magnetism of the nanoparticle is stable, in the later case assembly of the nanoparticles has H c = 0 and is superparamagnetic [4] . Thermoremanent magnetization is a magnetization acquired during cooling (see Fig.2 ) from a temperature [9] above the Curie temperature T c (paramagnetic phase) to T 0 (any blocked stable ferromagnetic phase) crossing through the blocking temperature T B . Just above the blocking temperature T B , the energy barrier E B is small and a weak-field can produce a net alignment of nanoparticle moments parallel to the external field. On cooling below T B the energy barrier becomes so large that the net alignment is preserved. When a single-domain nanoparticle gets smaller then its thermal energy can be higher than the energy needed to cross the barrier of the anisotropy axis. It leads to zero coercivity (no hysteresis) and therefore superparamagnetic behavior is established in the nanoparticle. Superparamagnetic nanoparticles have higher saturation magnetization than in their paramagnetic phase.
Losses mechanisms in magnetic nanoparticles
Magnetic losses arise due to different processes of magnetization reversal in magnetic nanoparticles, which depend on the applied ac magnetic field amplitude and frequency. Moreover, there is a strong dependence on properties of nanoparticles like mean size, width of size distribution, nanoparticle shape and crystallinity. The easiest and most straightforward method to
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compare samples with each other is to calculate specific power loss (SPL), or in the medical field called specific absorption rate (SAR). It is calculated as a specific heat capacity c (see Table V) multiplied by the change of temperature in time in units of watt per gram, SPL = c (∆T/∆t).
In this paper, SPL' is used that is defined as SPL divided by the mass of a sample and expresses in units of watt per gram squared. The dependence of the SLP on the mean nanoparticle size is studied over a broad size range from superparamagnetic up to multi-domain nanoparticles, and guidelines for achieving large SLP under the constraints valid for the field parameters are derived. It is advantageous to achieve the temperature enhancement needed with as low as possible amount of nanoparticles. Therefore, the SLP must be high enough [11] . When magnetic nanoparticles are irradiated with an alternating electromagnetic field, the nanoparticles transform the energy of the ac field into heat by several physical mechanisms like hysteretic losses, Néel or Brown relaxation, and frictional losses in viscous suspensions. In comparison to magnetic losses eddy current is negligible. Hysteretic losses may be determined in a well-known manner by integrating the area of hysteresis loops, a measure of energy dissipated per cycle of magnetization reversal. With decreasing nanoparticle's size, the energy barrier for magnetization reversal decreases and consequently thermal fluctuations lead to relaxation phenomena. In the case of Néel relaxation (τ N ), caused by the fluctuation of the magnetic moment direction across an anisotropy barrier, the characteristic relaxation time τ N of a nanoparticle system is given by Eq. (5).
In a fluid suspension of magnetic nanoparticles being characterized by a viscosity η, additionally a second relaxation mechanism occurs due to reorientation of the whole nanoparticle, which is commonly referred to as Brown relaxation τ B with the characteristic relaxation time:
where r h is the hydrodynamic radius that is the radius of the magnetic nanoparticle core and a thickness of coatings (e.g. biocompatible layer) [11] . The faster of the relaxation mechanisms is dominant and an effective relaxation time may be defined by:
The frequency dependence of relaxation of the nanoparticle ensemble can be given through the the complex susceptibility. The imaginary part, χ′′( f ), which is related to magnetic losses is described by:
where χ 0 = µ 0 M S 2 V/k B T, f is the frequency and M S is the saturation magnetization [11] . The power loss density P related to χ′′( f ) is:
where H 0 is the intensity if ac magnetic field. The loss power density P (Wm −3 ) is related to the SPL (Wg −1 ) by the mean mass density of the nanoparticles. The Brown mechanism causes generation of heat as a result of viscous friction between rotating nanoparticles and surrounding medium.
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Magnetic heating system and samples
The system used in this project to measure the heating rate of the magnetic nanoparticles when irradiated by a magnetic field consists of a function generator, a current supply, a power supply, a chiller, a coil, a temperature probe and a vacuum pump. The custom-made power supply is capable to produce an alternating current at the range of kilohertz. Produced alternating current is fed to the coil. The coil has diameter of 3 cm and length of 4 cm, and was custom made and consists of insulated copper sheets wrapped around each other 20 times in the form of a spiral solenoid. To dissipate the heat produced by nanoparticles in the alternating magnetic field, the coil is cooled externally by the water chiller. The vacuum pump is connected to the coil enclosure to eliminate conduction and convection from the coil to the nanoparticle sample inside it. Samples are mounted inside the coil in glass tubes. For measuring temperature differences a fiber-optic temperature sensor with an accuracy of 0.0001 K is used. Dry Fe and Co nanoparticles were prepared at the Chemistry Department at Cambridge University. Care must be taken when handling those particles because they easily oxidize. The size distributions are narrow and adequate for magnetic analysis (see Table VI ).
Results and discussion
Those are preliminary results for the ongoing project. Measurements were done at the frequency of 348 kHz. The magnetic field of 20.6 µT at frequency of 348 kHz is generated inside the coil. A sample transition from multi-domain to single-domain, and transition to superparamagnetic material occur at critical diameters. Approximated values of those diameters were determined (see Fig.3a and 3b). Heating curves for Co and Fe nanoparticles are presented in Fig.4 and Fig.5 , respectively. Fig.3 ). The maximum specific power loss, SPL'=1.316 [W/g 2 ] was achieved for a nanoparticle with 8.2 nm in diameter (see Fig.4 ). The largest value of specific power loss, SPL'= 4.12 W/g 2 , was achieved for a Fe nanoparticle with a diameter of 18.61 nm (see Fig.5 ).
Figure 5a-c. Heating curves of Fe nanoparticles (Table VI) . 
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